In the present work, Norway spruce wood (Picea abies L.) was reacted with a commercial Trametes versicolor laccase in the presence of potassium iodide salt or the phenolic compounds thymol and isoeugenol to impart an antimicrobial property to the wood surface. In order to assess the efficacy of the wood treatment, a leaching of the iodinated and polymerized wood and two biotests including bacteria, a yeast, blue stain fungi, and wood decay fungi were performed. After laccasecatalyzed oxidation of the phenols, the antimicrobial effect was significantly reduced. In contrast, the enzymatic oxidation of iodide (I ؊ ) to iodine (I 2 ) in the presence of wood led to an enhanced resistance of the wood surface against all microorganisms, even after exposure to leaching. The efficiency of the enzymatic wood iodination was comparable to that of a chemical wood preservative, VP 7/260a. The modification of the lignocellulose by the laccase-catalyzed iodination was assessed by the Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) technique. The intensities of the selected lignin-associated bands and carbohydrate reference bands were analyzed, and the results indicated a structural change in the lignin matrix. The results suggest that the laccase-catalyzed iodination of the wood surface presents an efficient and ecofriendly method for wood protection.
A mong the construction materials which are used by industry, wood holds a special place because of its impressive range of attractive properties, including low thermal extension, low density, and high mechanical strength. Despite these properties, wood is susceptible both to fluctuations in humidity and to biodeterioration by microorganisms due to its polymeric nature. Traditionally, wood durability has been improved by using preservatives containing toxic chemicals, such as arsenic, zinc, copper, chromium, or creosote oils (39) . Tropical hardwoods are more durable under adverse conditions than woods of temperate species; however, their commercial use is a major factor in the loss of pristine rain forest worldwide. In Europe there is increasing environmental, legislative, and consumer pressure to reduce on the one hand the use of traditional wood preservatives and on the other hand the import of tropical timber (39) . Apart from the risks involved in using toxic substances for wood treatment, there is increasing concern about the problems arising from the disposal of the timbers at the end of their commercial lifetime. In some European countries there are even legal bans on the use of selected biocides (39) .
Consequently, there is a need to develop alternative, more environmentally benign wood preservation methods that adequately protect wood at a reasonable price. It is envisaged that new approaches based on wood modification with heat or environmentally friendly chemicals will replace the use of traditional preservatives (26, 47) . For this reason, in recent years there has also been a revival of interest in natural bioactive preservatives capable of controlling microbial wood degradation due to their lower side effects and toxicity (10, 25, 29, 46, 48, 64) . There is no doubt that many essential oil phenols, e.g., thymol and isoeugenol and other plant-derived phenolic molecules, have an antimicrobial effect (6, 21, 29, 40, 48, 59) . However, apart from the inhibitory effect of the preservatives against wood-inhabiting organisms, the stability of the active agents on the wood surface is an important and challenging aspect. The problem with many natural and synthetic substances is that they are not chemically bound to the wood surface and leach out from the outer layers of the wood (48) .
Although there are established physical and chemical methods for wood treatment, enzymatic grafting represents an environmentally friendly alternative and allows the covalent coupling of natural molecules by creating a reactive radical-rich wood surface (25, 33-36, 48, 51, 62) . Laccases (benzenediol/oxygen oxidoreductases; EC 1.10.3.2.) are of particular interest with regard to grafting and wood functionalization. These enzymes are increasingly recognized as environmentally friendly oxidative catalysts for a wide range of applications (11, 16, 41, 49, 53, 62) because of their ability to oxidize not only phenols and aromatic or aliphatic amines but also inorganic compounds such as iodide, requiring only oxygen as a cosubstrate and forming water as the only byproduct (37, 49, 62, 63) .
The oxidation of iodide (I Ϫ ) to tri-iodide (I 3 Ϫ ), which is in equilibrium with elemental iodine (I 2 ), has attracted the attention of pharmaceutical and medical sciences because the solution of elemental iodine is well known as an inexpensive and efficient microbiocide which has activity against a wide range of pathogens, including bacteria, fungi, and viruses (37) . High-redox-potential laccases are capable of oxidizing iodide directly; however, conversion rates are considerably increased by the use of redox mediators such as methyl syringate, which shuttle electrons between the substrate and the active site (39) . Iodination of aromatic compounds is well known in classical organic synthesis (1), which led us to the hypothesis that bioactive wood surfaces can be generated by enzymatic iodination of the aromatic polymer lignin.
The aim of the present work was to elucidate the potential of laccase-catalyzed iodination of wood in comparison to the grafting of natural phenolic compounds (thymol and isoeugenol) as ecofriendly methods for wood protection. In order to evaluate the efficacy of such treatments, leaching experiments and biotests were performed using bacteria, yeasts, blue stain fungi, and wood decay fungi. The effectiveness of the enzymatic methods was compared to that of a conventional chemical wood preservative containing 3-iodo-2-propynyl butylcarbamate (IPBC) and propiconazole as active agents. Moreover, the possible modification of lignocellulose by laccase-mediated iodination was investigated by Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) analysis. The results obtained are discussed in the light of effectiveness and applicability.
MATERIALS AND METHODS
Chemicals. 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), acetosyringone (ACS), 4-hydroxybenzoic acid (HBA), isoeugenol, thymol, and potassium iodide were supplied by Sigma-Aldrich, Switzerland. The chemical wood preservative VP 7/260a, containing 3-iodo-2-propynyl butylcarbamate (IPBC) and 1-[[2-(2,4-dichlorophenyl)-4-propyl-1,3-dioxolan-2-yl]methyl]-1,2,4-triazole (propiconazole), was provided by International Specialty Products AG (ISP), Germany.
Enzymatic assays. The enzyme used in the study was a commercial laccase from Trametes versicolor (Sigma-Aldrich). Laccase activity was determined at room temperature (22 to 25°C) and pH 4.5 (citrate buffer) with 3 mM 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as the substrate (30, 38) . Reactions were performed in transparent polymethyl methacrylate (PMMA) cuvettes or polystyrene microtiter plates. Change in absorbance (⌬A) at 420 nm was recorded at intervals of 10 s for 3 min. Samples with very high activities were diluted 10-fold with double-distilled H 2 O (ddH 2 O) before being used in the assay. Volumetric activities were calculated using an extinction coefficient (ε) of 0.036 mol Ϫ1 l cm Ϫ1 (36,000 mol Ϫ1 l cm Ϫ1 ) (38) , according to the following equation (⌬t in min, V in l): laccase activity (U liter Ϫ1 ) ϭ (⌬A/⌬t · ε) · (V total, assay /V sample ) · dilution factor sample .
The ability of T. versicolor laccase to oxidize the phenolic compounds was investigated as described by Kudanga et al. (34) with slight modifications. Laccase with a total activity of 0.12 U ml Ϫ1 was added to start the reaction with a mixture containing a 0.1 mM concentration of phenolic compound in 100 mM citrate buffer (pH 4.5). The reactions were monitored by UV-visible spectrophotometry in the wavelength scan mode from 200 to 900 nm after 0, 5, and 10 min and 24 h of incubation. The laccase-catalyzed oxidation of iodide (I Ϫ ) to iodine (I 2 ) was monitored by the formation of tri-iodide (I 3 Ϫ ) at 353 nm (laccase activity, 0.12 U ml Ϫ1 , 50 mM iodide, citrate buffer [pH 4.5], extinction coefficient of I 3 Ϫ ϭ 28,000 mol Ϫ1 l cm Ϫ1 ) (2, 37). Xu (63) showed that the oxidation of iodide by laccase is slow because of its low redox potential. Therefore, to enhance at the same time reaction rates with iodide and oxidation rates of lignin, redox mediators were added in catalytic amounts. Synthetic (ABTS) and naturally derivable (acetosyringone [ACS] and 4-hydroxybenzoic acid [HBA]) laccase mediators were tested (9, 12, 42) . The pH optima for mediator-enhanced oxidation of iodide were determined using the McIlvain citrate-phosphate buffer series.
Organisms and media. All microorganisms used in the present study are maintained in the culture collection of Empa, Swiss Federal Laboratories for Materials Science and Technology, Switzerland. The initial inoculum of all fungi was taken from cultures growing on 2% malt extract agar (MEA) medium in petri dishes stored at 4°C for no longer than 6 months. Laccase-catalyzed iodination and polymerization of wood. Wood specimens (batch 1, 10 by 10 by 5 mm [length by width by height], used in biotests 1; batch 2, 20 by 15 by 10 mm, used in biotests 2), free of defects, were extracted longitudinally from boards of Norway spruce (Picea abies L.) trees grown in Switzerland in order to minimize the influence of natural variability. All specimens were conditioned at 23C°C (Ϯ1°C) and 50% (Ϯ5%) relative humidity (RH) until they reached an equilibrium moisture content of approximately 8 to 10%. Prior to the wood treatment, the specimens were sterilized by autoclaving for 20 min at 121°C (Ϯ1°C).
The enzymatic wood iodination and polymerization were carried out by dipping three wood specimens of batch 1 in 30 ml of reaction solution or 12 wood specimens of batch 2 in 200 ml of reaction solution (pH 4 to 6) containing one of the phenolic compounds (4 mM) or potassium iodide (1 or 50 mM) in the presence of laccase (10 U ml Ϫ1 ) and either 10 M ABTS for batch 1 or 100 M ACS for batch 2 under shaking (100 rpm) for 18 h at room temperature. Furthermore, to test the suitability of HBA (5 mM) as a mediator, some additional experiments were performed. The chemical preservative VP 7/260a containing IPBC and propiconazole as active agents was used as a benchmark with a final concentration of 5% (vol/vol). The wood specimens were treated as follows and used in the biological tests: control, wood treated with buffer; L, wood treated with laccase alone; L-M, wood treated with laccase and mediator; Iso, wood treated with isoeugenol; Iso-L, wood treated with isoeugenol and laccase; Iso-L-M, wood treated with isoeugenol, laccase, and mediator; Thy, wood treated with thymol; Thy-L, wood treated with thymol and laccase; Thy-L-M, wood treated with thymol, laccase, and mediator; Ix, wood treated with 1 or 50 mM iodide (x ϭ concentration of iodide); Ix-L, wood treated with 1 or 50 mM iodide and laccase; Ix-L-M, wood treated with 1 or 50 mM iodide, laccase, and mediator; and VP7, wood treated with VP 7/260a (IPBC and propiconazole).
After the reaction, all wood specimens of batch 1 underwent a leaching procedure comprising five cycles of incubation in ddH 2 O (minimum liquid volume of 10 times the specimen volume, 100 rpm, room temperature, 24 h) and water exchange. Half of the wood specimens of batch 2 were exposed to leaching for 2 weeks, including nine steps of water changing according to EN 84 (4); the other half was used without leaching in biotests.
Biological tests. The activity of the iodinated and polymerized wood against the bacteria E. coli and S. aureus and the yeast S. cerevisiae was evaluated in biotests 1. For this purpose, a new assessment approach was developed. After the wood treatment and leaching procedure, excess liquid was removed by placing the wood specimen on sterile paper towels, and the wood surface was inoculated with 40 l of either a bacterial or yeast suspension diluted to an optical density of 600 nm (OD 600 ) of 0.1 in weak buffered complex medium (the respective complex medium diluted 1:5 in phosphate-buffered saline). The specimens were incubated under a water-saturated atmosphere for 18 h at the optimal temperature (bacteria at 37°C and yeast at 30°C). The inoculated wood surface was then "stamped" for 2 to 3 s on agar plates using sterile forceps. Growth on agar plates was visually determined after incubation for 20 to 28 h at the optimal temperature, giving the following growth values: 0, no growth; 1, weak growth; 2, intermediate growth; 3, strong growth; and 4, stamping area completely overgrown.
The resistance of the treated wood against blue stain and wood decay fungi was determined in biotests 2 according to the European standards EN 152-2 (3) and EN 113 (5) with slight modifications. The EN 152 is a classical test for blue staining, originally intended to determine the effectiveness of a preservative treatment against the timber defect known as "blue stain in service." The treated wood samples were dipped into a spore suspension of A. pullulans, C. picea, C. herbarum, and D. pinicola (Ͼ 10 5 CFU) and placed horizontally in a Kolle flask containing vermiculite (18 g ) which was inoculated additionally with 40 ml of the spore suspension. The incubated specimens were stored in an incubation room at 22°C and 70% RH (6 weeks). After incubation, the surface was evaluated by classifying the percentage of blue stain discoloration from 0 to 5 as described by Thwaites et al. (58): 0, no stain (0%); 1, minimally stained (1 to 10%); 2, mildly stained (11 to 20%); 3, moderately stained (21 to 50%); 4, heavily stained (51 to 80%); and 5, severely stained (81 to 100%). A mini-wood block test comparable to European standard EN 113 (5) was carried out to assess fungal decay caused by the brown rot O. placenta and the white rot T. versicolor. The treated wood was aseptically added to petri dishes (135-mm diameter, 2% MEA) fully colonized by O. placenta or T. versicolor and incubated at 22C°and 70% RH. The ability of the wood decay fungi to degrade the wood was determined gravimetrically after incubation periods of 6 and 12 weeks and expressed as mass loss (%) according to EN 113 (5): mass loss (%) ϭ [(m 0 Ϫ m 1 )/m 0 ] · 100, where m 0 is the dry weight of the wood specimen before treatment and m 1 is the dry weight of the wood specimen after treatment.
In addition to the above-mentioned biotests 2, the antimicrobial activities of the reaction derivatives without wood were evaluated on agar plates (48) , excluding the laccase-catalyzed iodine solution. It was assumed that the iodine molecules would react with starch from malt to form polyiodide chains, which would prevent the antimicrobial effect (20) . The laccase catalysis of the phenols was performed under shaking for 18 h at room temperature as described above, and the phenolic derivatives were added to 2% MEA after autoclaving to a final concentration of 4 mM. The fungicide VP 7/260a was added to a concentration of 5% (vol/vol). The supplemented petri dishes were inoculated in the center with a mycelium agar disc (5-mm diameter) taken from the submargins of 14-dayold cultures of the ascomycetes A. pullulans and D. pinicola and the basidiomycetes O. placenta and T. versicolor. The fungal growth was estimated by measuring the colony diameter, and the growth inhibition was expressed as a percentage of that of a reference grown on nonsupplemented malt agar.
FTIR-ATR. An FTS-6000 spectrophotometer with a Golden Gate single-reflection diamond ATR (P/N 183 10500 series; Portsman Instruments AG, Biel-Benken, Switzerland) was used for collecting the Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) spectra. The size of the measuring area was 0.36 mm 2 , and the resolution of the equipment was set to 8 cm Ϫ1 with 32 average scans. Contact pressure was set to 100 cN. After treatment, the wood samples were dried and conditioned (23C°and 50% relative humidity). Three spectra were taken on both the radial and the tangential surface orientations of each specimen and averaged for further evaluation. The peak maxima were determined using the software Resolutions Pro 188 (Digilab, Holliston, MA). Baseline corrections with asymmetric least-squares smoothing (23, 24) and the Savitzky-Golay algorithm (50) were performed for all spectra using Matlab software (R2010a, version 7.10.0; MathWorks). Subsequently, the spectra were vector normalized according to the following equation:
where y i is the absorption value.
As described by Pandey and Pitman (45) peak maxima for ligninassociated bands were compared to carbohydrate reference peaks to provide relative changes in the composition of the structural components.
Statistical analysis. Nonparametric data such as the ordinally scaled values of growth after stamping and blue stain discoloration were evaluated using Kruskal-Wallis one-way analysis of variance (ANOVA) and the Mann-Whitney U test for pairwise comparison of the groups. Data expressed as percentages, such as mass loss, were arcsine transformed prior to analysis (ANOVA) and back transformed to numerical values for visualization. Means were separated using Tukey's HSD (honestly significant difference) test at significance levels with P values of Ͻ0.05 and Ͻ0.001. The statistical package used for all analyses was SPSS (version 17.0; SPSS Inc., Chicago, IL).
RESULTS
Laccase-catalyzed oxidation of iodine and phenolic compounds. The monitoring of the enzymatic reaction by spectrophotometry showed that the commercial Trametes versicolor laccase was able to oxidize both isoeugenol and thymol, even at low laccase concentrations of 0.12 U ml Ϫ1 . In the case of potassium iodide, the direct enzymatic oxidation to tri-iodide occurred at low rates but was detectable after overnight incubation. By using the mediators ABTS and ACS, laccase-catalyzed tri-iodide formation was strongly increased to 0.13 M min Ϫ1 mg Ϫ1 (pH 4, 10 M mediator) and 0.89 M min Ϫ1 mg Ϫ1 (pH 5, 50 M mediator), respectively. The pH optimum was 4.6 with ABTS as a mediator and 5.2 with ACS. HBA was found not to be a directly oxidizable substrate for laccase and not to have a function as a mediator (data not shown).
Biotests 1: bacteria and yeast. The potential of iodination and polymerization of the wood to impart an antimicrobial effect to the surface was evaluated by different biotests covering a broad spectrum of microorganisms. In addition to well-established effectiveness tests according to European standards (3, 5), a newly developed stamping method to examine the efficiency against bacteria and yeasts (biotests 1) provided consistent and reproducible results. The categorized growth after stamping of treated, leached wood inoculated with E. coli, S. aureus, and S. cerevisiae is summarized in Table 1 . The control wood specimens supported a significant proliferation of E. coli, S. aureus, and S. cerevisiae after 18 h of contact time, corresponding to growth values of 4.0, 3.7, and 3.3, respectively. Wood treatments with either laccase (L), laccase and the mediator ABTS (L-M), or laccase and isoeugenol or thymol (Iso-L or Thy-L-M) had no inhibitory effect on the tested microorganisms and showed no significant difference from the control treatment with buffer (Table 1) . Wood treatment with isoeugenol (Iso) and thymol (Thy) in the absence of laccase had a significant antimicrobial effect against the Gram-positive bacterium S. aureus and the yeast S. cerevisiae (growth values of 0.0) but (Table 1) which showed no significant difference from the control on a significance level of a P value of Ն0.05. In contrast, laccase-catalyzed iodination of wood with and without mediator (I50-L and I50-L-M) was highly effective, causing complete killing of inoculated E. coli (Fig. 1c) and S. aureus and S. cerevisiae cells (growth values of 0.0) ( Table 1 ). The control wood treatment with iodide (I50) in the absence of laccase showed no antimicrobial effect and a high proliferation of microorganisms (Fig. 1b) . Biotests 2: blue stain fungi and wood decay fungi. The efficacy of enzymatic iodination and grafting of natural phenolic compounds in protecting wood against higher wood-destroying fungi (ascomycetes and basidiomycetes) was tested in biotests 2. The blue stain discoloration of the wood after a 6-week incubation period is summarized in Table 2 . The control wood specimens showed staining values of 3.2 for the nonleached wood and 3.6 for the leached wood. The discoloration of wood treated with laccase (L), laccase and the mediator ACS (L-M), or laccase and phenolic compounds (Iso/Thy-L and Iso/Thy-L-M) was comparable to that of the control (Table 2) . Nonleached wood treated with isoeugenol (Iso) and thymol (Thy) showed a minor prevention of discoloration (2.3 and 2.5), whereas the discoloration values of the corresponding leached wood blocks were similar to that of the control (3.4 and 3.5). In the presence of the enzyme, both phenolic compounds (Iso-L, Iso-L-M, Thy-L, and Thy-L-M) showed no reduced discoloration, either with or without leaching (staining values of Ͼ4) ( Table 2 ). In agreement with biotests 1, laccasecatalyzed iodination (I1-L, I1-L-M, I50-L, and I50-L-M) at iodide concentrations of 1 and 50 mM was highly effective in protecting both nonleached and leached wood from colonization by blue stain fungi ( Table 2 ). The effectiveness of enzymatic iodination was comparable to that of the highly effective chemical wood preservative VP 7/260a ( Table 2 ). The control wood treatment with iodide (I1 and I50) in the absence of laccase showed a fungicidal effect when no leaching was performed, whereas leached, iodidetreated wood showed staining intensities similar to those of the control wood specimens (Table 2) . No further decrease of discoloration in the presence of the mediator ACS in combination with laccase and iodide could be detected, presumably because oxidation of iodide by laccase was already sufficient for obtaining strong antifungal effects.
In addition to discoloration by ascomycete blue stain fungi, degradation of wood by basidiomycete fungi causing white and brown rot is a major problem, particularly in outdoor applications. In Fig. 2 the wood mass losses (percent) caused by the wood decay fungi O. placenta (brown rot) and T. versicolor (white rot) after the incubation period of 12 weeks are illustrated. Similarly to results obtained for bacteria, yeast, and blue stain fungi, the use of isoeugenol (Iso) and thymol (Thy) had only a minor effect on degradation of wood by basidiomycetes. After the leaching procedure, the recorded mass losses were not significantly different from those of the control wood specimens (Fig. 2) . No fungicidal effect was detected for wood treated with phenols and laccase (Iso-L, Iso-L-M, Thy-L, and Thy-L-M) and exposed to leaching. However, in comparison to the controls, mass losses were reduced for nonleached wood specimens treated with laccase and ACS as a mediator in the presence or absence of phenolic compounds (Fig.  2) . Again, treatment of wood with laccase and iodide (I1-L, I1-L-M, I50-L, and I50-L-M) was highly effective in preventing colonization by microorganisms (P Ͻ 0.05). The effectiveness of laccase-iodide treatments in protecting nonleached and leached wood against degradation by either O. placenta or T. versicolor was comparable to that of the common wood preservative VP 7/260a (Fig. 2) .
The results of the biotests (1 and 2) indicated that oxidation of isoeugenol and thymol by laccase reduces the growth-inhibitory properties of these phenolic compounds. Therefore, to obtain more knowledge regarding the impact of laccase on bioactive phenols, growth inhibition tests on petri dishes were performed with two ascomycetes and two basidiomycetes (Table 3). Isoeugenol and thymol added at a concentration of 4 mM completely inhibited growth of all fungi, and the effectiveness was similar to that of the fungicides present in the wood preservative VP 7/260a. However, oxidation of phenolic compounds with laccase significantly (P Ͻ 0.05) reduced the antimicrobial effect (Table 3) .
FTIR-ATR analysis of chemical changes in laccase-iodidetreated wood.
Due to the strong effect of enzymatic wood iodination revealed in biotests, possible modifications of lignocellulose in treated wood were analyzed by FTIR-ATR. Overall, the FTIR spectra for treated and untreated wood showed only slight differences in the complex band between 1,200 and 800 cm Ϫ1 , which represents mainly the wood polysaccharides (data not shown). However, the section of the spectra ranging from 1,800 to 1,200 cm Ϫ1 , representing mostly lignin constituents, revealed clear changes after laccase-iodide wood treatment (I50-L), which was partially resistant to leaching (Fig. 3) . The spectra of the enzymatically iodinated, nonleached wood (Fig. 3a) showed the highest absorption, particularly at 1,636 cm Ϫ1 (absorbed OOH and conjugated CAO stretch vibration), 1,590 and 1,508 cm Ϫ1 (both aromatic ring vibration in lignin), and 1,452 cm Ϫ1 (C-H deformation in lignin and carbohydrates), whereas no pronounced differences at the band at 1,725 cm Ϫ1 (COOH/CAO in xylans) assigned to the carbonyl stretching vibration of carboxyl and ester groups and at the carbohydrate band at 1,316 cm Ϫ1 (C-H vibration in cellulose) were detected. After the 2-week leaching proce- dure, the structural changes in lignin were still discernible from the bands at 1,636 and 1,590 cm Ϫ1 ; however, the other bands at, e.g., 1,510 and 1,452 cm Ϫ1 showed intensities similar to those of the bands from the leached control wood (Fig. 3b) . The spectra of the nonleached wood treated with iodide in the absence of laccase (I50) showed intensities similar to those of the control spectrum (Fig.  3a) . With leaching, the same treatment led to lower absorption intensities of most bands compared with the untreated control (Fig. 3b) . The spectra of both nonleached and leached wood treated only with laccase in the absence of iodide (L) revealed absorption intensities lower than those for I50-L (Fig. 3a and b) . A comparison with the untreated control showed that the nonleached wood treated only with laccase (L) displayed a noticeably higher intensity at 1,636 cm Ϫ1 (Fig. 3a) , but after leaching this effect was less pronounced and only the intensity of the band at 1,725 cm Ϫ1 was slightly higher (Fig. 3b) . These results are in good agreement with the 1,636/1,157, 1,626/897, 1,590/1,157, and 1,590/897 cm Ϫ1 ratios of band intensities calculated for each spectrum ( Table 4 ). The ratios of lignin-associated bands and carbohydrate reference bands reached the highest values for laccaseiodide treated wood (I50-L), and the values remained clearly above those for all other samples even after extensive leaching. These data suggest that enzymatic iodination of wood leads to structural changes of lignin, possibly due to the formation of aromatic organo-iodine moieties.
DISCUSSION
In the present work we demonstrated at least a slight antimicrobial effect of thymol and isoeugenol against several microorganisms, including bacteria, yeast, blue stain fungi, and wood decay fungi, and our results are in good agreement with previous studies (6, 21, 29, 40, 48, 59) . In addition, the high leachability of these compounds from the wood surface, decreasing their effectiveness, was evident from our results. In the literature the laccase-mediated biografting of natural phenols is postulated as an efficient method to circumvent leaching of antimicrobial phenolic compounds by binding them to lignocellulosic substrates without loss of their efficacy (25, 48, 51) . Quite contrary to this, our results suggest that laccase-catalyzed polymerization of phenols to higher-molecularweight products caused a considerable reduction of their antimicrobial activity both on agar plates and on Norway spruce wood surfaces. Analogous results were obtained by Park et al. (46) , who investigated the chemical polymerization of antimicrobial phenols and benzoic acid monomers, as well as by Rättö et al. (48) , who showed that the inhibitory effect of vanillin and tannin on agar plates was less pronounced after polymerization by laccase. Voda et al. (60) tested several essential oil phenols, among them isoeugenol and thymol, against the white rot Trametes versicolor and the brown rot Coniophora puteana. They showed that C. puteana was more susceptible to the inhibitory action of the tested compounds than T. versicolor because it produced less extracellular laccase (which catalyzed the oxidation of the phenolic compounds, thereby reducing their antifungal activity). Even though we could not detect a higher susceptibility of the brown rot O. placenta in comparison to T. versicolor, the results reported by Voda et al. (60) and from the present study suggest that an important function of laccases might be detoxification of bioactive compounds produced by plants (8, 32, 57) , in addition to their wellknown involvement in lignin modification (57) .
The commercial T. versicolor laccase was able to oxidize both phenols and potassium iodide salt (I Ϫ ); however, the oxidation rate was limited in the latter case because of the low redox potential of the laccase (Յ0.8 V) (13) . Nevertheless, this limitation was overcome by low-molecular-weight compounds, which act as redox mediators, expanding the catalytic substrate spectrum of laccases (7, 13) . By using ABTS and ACS in catalytic amounts, it was possible to accelerate the iodide oxidation in this work. However, mediators were not required for achieving antimicrobial effects by enzymatic iodination of wood. We assume that the reaction time of 18 h was sufficient for the laccase to oxidize iodide (I Ϫ ) to iodine (I 2 ) in adequate quantities for complete iodination of the wood surface. Furthermore, several authors have already pointed out that persistent phenoxy radical species generated by laccasecatalyzed oxidation of phenolic moieties in lignin are responsible for the degradation of recalcitrant compounds by acting as a mediator (14, 18, 56) . In our case, the laccase wood iodination without a mediator could have created a persistent radical species from the wood lignin, which enhanced the oxidation rate of the enzyme. Nevertheless, to improve the efficacy of the wood iodination process by reducing the required time, the use of an inexpensive and efficient natural mediator is recommended.
Potassium iodide is an ubiquitous naturally occurring substance (54) and possesses only limited antimicrobial effects, as shown by several authors (22, 37) and by our own results. However, when iodide (I Ϫ ) is oxidized to tri-iodide (I 3 Ϫ ), which is in equilibrium with elemental iodine (I 2 ), a highly microbiocidal solution is obtained, which kills a broad spectrum of organisms, including enteric bacteria, fungi, and viruses (22, 37, 63) . Iodine is inexpensive, bacterial resistance is unknown, and allergic reactions are rare (15, 37) . In the present work we elucidate for the first time the potential of laccase-catalyzed iodination of lignocellulose for obtaining highly antimicrobial surfaces. Enzymatic iodination of wood led to high resistance against colonization by five different classes of heterotrophic microorganisms, even after intensive leaching of the treated wood. Furthermore, the performance of enzymatic wood iodination was similar to that of the chemical preservative VP 7/260a (the benchmark), which repeatedly showed a high effectiveness in protecting wood against biodeterioration (52). In future studies, besides determination of the optimal treatment conditions (iodide and laccase concentrations, mediator, and time), the long-term effectiveness of enzymatic wood iodination should be assessed in outdoor weathering experiments with larger wood samples.
It is worth mentioning that laccase treatment in the absence of iodide (L and L-M) had a protective effect against the tested wood decay fungi, at least in the case of nonleached wood (Fig. 2) . As no significant inhibitory effect on the growth of the fungi on agar plates by the enzyme laccase alone could be detected (Table 3) , we assume that this effect is related to the accumulation of oxidized phenolic compounds on the wood surface. During the leaching procedure, these substances were washed out and the protective effect was lost, as indicated by the high mass loss (Fig. 2) .
Infrared spectroscopy is known to be a very useful tool for rapidly obtaining information about the structure of wood constituents and chemical changes taking place in wood due to various treatments (27, 28, 43, 44) . We used the FTIR-ATR technique for evaluation of a possible modification of lignocellulose by laccase-mediated wood iodination. The impact of leaching on native wood has already been investigated by several authors (31, 55) , and their results are in good agreement with our observations. Water-soluble phenolic moieties in lignin were washed out during the leaching procedure, resulting in a decrease of absorption of mostly lignin-associated bands, especially of the band at 1,590 cm
Ϫ1 . An 18-hour iodide treatment in the absence of laccase (I50) without leaching showed no chemical alterations in the lignin structure, as the band intensities were on the same level as those of the control. Interestingly, the leached wood revealed a drastic loss, particularly at the lignin-associated bands (1,590 and 1,510 cm Ϫ1 ). At this stage of research there is no explanation for the observed phenomenon. The effect of laccase treatment (L) on the lignin structure in the absence of iodide was as expected. During the course of laccase-initiated radical reactions, aromatic rings are opened, which fits with the reduction of corresponding band intensities, especially of the band at 1,590 cm Ϫ1 , and with the increase of the band intensity at 1,725 cm Ϫ1 , which is assigned to conjugated carbonyl groups (28, 61) . Overall, the reduced intensities of lignin-associated bands compared to those of the control indicate a slight delignification of the wood after an 18-hour laccase treatment. The effect of the laccase mediator treatment (L-M) was similar to the former, and the effect was only slightly more pronounced (data not shown). The results of the laccase-catalyzed wood iodination were different from those of all other treatments. Whereas no or only marginal chemical changes in the carbohydrate reference peaks could be observed, the lignin-associated bands displayed, even after exposure to leaching, the highest intensities of all samples, indicating a structural change of the lignin composition (1, 19) . A noticeable intensity of the band at 1,636 cm Ϫ1 (conjugated CAO stretch vibration, e.g., aryl ketones) was detectable, indicating an alteration of the carbonyl groups. In addition, it is noteworthy that even after leaching, the band at 1,590 cm Ϫ1 (aromatic ring in lignin) was still more intense than that of the control and the laccase-treated samples. Hence, our explanation for this finding is an iodination of the aromatic groups of the lignin, similar to chemical reactions described by Adimurthy et al.
(1) and Deng et al. (19) . However, further investigations have to be carried out to clarify in more detail the chemical changes derived from the interactions of iodide, laccase, and lignocellulose.
Large-scale fermentation (17) and the use of waste materials for laccase production (32) have resulted in a competitive price of the enzyme. Thus, it is expected that the costs of an industrial wood iodination process will be in an acceptable range. In conclusion, the promising results obtained in this work point out for the first time that laccase-catalyzed iodination of wood surfaces represents an efficient and ecofriendly method for wood protection.
